Abstract: Using amylopectin (AP) and a derivative, we systematically investigated their turbulent drag reduction characteristics and shear stability. The expected shear stability of polysaccharides as drag reducing and flocculating agents triggered our study on structural modification of AP. For this purpose, we prepared a derivative of AP, viz. AP grafted with polyacrylamide (GA), in which the granular form of AP powder (≈10 µm) changed into a mixture of larger fibrils and lumps. Using a rotating-disk apparatus, we measured the shaft torque and calculated the turbulent drag reduction (DR) efficiency under various experimental conditions, i.e., different polymer concentration, rotation speed, and temperature. Contrary to AP, GA showed relatively high DR efficiencies (27%) and very strong shear resistance.
Introduction
Turbulent drag reduction (DR), the phenomenon that the skin friction caused by turbulent flow of an ordinary liquid past a solid surface can be reduced significantly by the addition of small amounts of polymers to the liquid, has been studied since several decades. However, many aspects of DR remain unsatisfactorily understood. Nevertheless, the DR phenomena imply that polymer solutions undergoing a turbulent flow in a pipe or other flow geometries require a lower pressure gradient to maintain the same flow rate. Regarding this feature, many investigations have been extensively examined not only due to its scientific interest [1] [2] [3] but also its wide range of applications [4] [5] [6] [7] [8] . Some engineering applications include crude-oil pipeline transportation in Alaska [4] , fire fighting [5] , slurry transport [6] , biomedical applications [7] , and ocean thermal energy conversion systems [8] .
The most effective drag-reducing polymers are known to have a flexible, linear chain structure with a very high molecular weight, since the extent of DR increases with the molecular weight of the polymer. However, the use of these high-molecular-weight polymers is limited due to their susceptibility to flow-induced degradation. To reduce the polymer susceptibility to bond scission, commercial polysaccharides have been chosen as drag-reduction agents [9] [10] . Furthermore, molecular modifications such 1 as reversible intermolecular association or grafting have been also attempted. The advantage of these polymers is a high mechanical stability against degradation when compared to flexible polymers with similar molecular weight; however they are highly susceptible to biological degradation.
Kim et al. [11] observed that branched polyacrylamide (PAAM) is more shear stable than linear PAAM. Similar results by Singh et al. [12, 13] showed that graft copolymers of PAAM and xanthan gum (XG) are fairly shear-stable. Such graft copolymers have also attracted much attention for their applicability as flocculating agents [14] , and as drag reducing agents. On the one hand, polysaccharides exhibiting drag reduction and flocculation ability, in general, are known to be shear-stable but easily biodegradable. On the other hand, PAAM is very effective as a turbulent drag reducing and flocculating agent, but it does not possess enough shear stability. When PAAM is grafted on polysaccharides like starch, amylase, xanthan gum, guar gum, and carboxymethylcellulose, one can obtain a large number of graft copolymers [15, 16] with varying number and length of grafted chains. In general, it has been observed that the graft copolymers having fewer but longer branches are fairly shearstable [13] drag reducing and flocculating agents [14] .
Recently, extensive investigations have been carried out [17] on the flocculation characteristics of graft copolymers of starch and its constituents (amylase and amylopectin) with polyacrylamide. It has been observed that polyacrylamide-grafted amylopectin performs the best flocculating ability [14, 18] , particularly for industrial effluents. This has been attributed to the fact that the dangling polyacrylamide chains on the rigid and branched amylopectin can better approach the colloidal particles in the effluents. Rath and Singh [17] further conducted the characterization of grafted and ungrafted starch, amylase, and amylopectin by various techniques such as thermal analysis, X-ray diffraction, scanning electron microscopy, IR, NMR, and elemental analysis.
On the other hand, industrial implementations of the polymer-induced turbulent DR are somewhat limited due to molecular degradation in the flow, whereby polymer additives are exposed to elongational straining along with a high degree of shearing action. Many investigations have focused on this mechanical degradation and the origin of the turbulent degradation phenomenon. However, most of these studies on degradation kinetics were performed in non-uniform shear fields such as a highspeed mixer, turbulent pipe flow, and laminar capillary flow with an entrance effect [19] [20] [21] . However, DR in external flows such as a rotating-disk apparatus (RDA) system has not yet been studied as extensively as in pipe flow. We have used the RDA [22] [23] [24] [25] [26] [27] to explore polymer-induced turbulent drag reduction using various polymeric additives such as poly(ethylene oxide) (PEO), polystyrene (PS), and polyisobutylene (PIB). The RDA system can be used to describe external flow that includes the flow over flat plates as well as the flow around immersed objects [27] . It allows convenient measurement of the long-term drag-reduction properties of polymer solutions.
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Using a rotating-disk apparatus (RDA), we demonstrated the potential applicability of such modified flocculant as a successful drag reducing agent in this study. With the aim of long-term shear stability of modified amylopectin, we also diversified the experimental conditions to examine the factors affecting overall drag reducing characteristics of amylopectin derivatives. It has been observed that polymer concentration, polymer molecular weight, temperature, Reynolds number, and solvent quality are the important factors, which can control or affect the characteristics of turbulent drag reduction by polymeric additives [28] . 
Experimental part

Rotating-disk apparatus (RDA)
Specifications of the RDA have been previously reported [27] (Scheme 1). The device consists of an aluminium flat disk with dimensions of 14.5 cm in diameter and 0.32 cm in thickness, enclosed in a cylindrical, temperature-controlled container composed of aluminium with dimensions of 16.3 cm inner diameter and 5.5 cm height. The volume of solution required to fill the entire container is c. 370 cm 3 . An electric transducer was used to monitor the torque exerted on the disk rotating at a specific speed, which also determines the Reynolds number, N Re , in conjunction with other experimental conditions.
Turbulence is produced for rotational Reynolds numbers N Re > 3·10 5 or, equivalently, rotational speed of the disk ω > 570 rpm. Here, N Re ≡ ρ r 2 ω / µ, where ρ is the fluid density, µ the fluid viscosity, and r is the radius of the disk. The temperature of the system was maintained at 25 ± 0.5°C during tests.
First, the RDA reservoir was filled with 370 ml of distilled water, and then temperature was adjusted to 25°C. The polymeric stock solution, which was prepared separately, was injected into the turbulent flow field using a micropipette. For DR measurement with respect to distilled water, stock solutions containing 0.23 wt.-% of polymers were used. The relative DR (%DR) was then obtained as a function of time by injecting measured quantities of stock solution directly into the turbulent flow field generated by the RDA. The torque required to rotate the disk for pure solvent (T S ) at a given speed ω was measured first. %DR was then calculated by measuring the corresponding torque required for a dilute polymer solution (T P ) at the same ω as follows:
Materials and experimental conditions
Amylopectin (from corn) and acrylamide were purchased from Sigma Chemical Company, USA, and E. Merck, Germany, respectively. All the chemicals received, 3
i.e., ceric ammonium nitrate (CAN) from Loba Chemie (Bombay, India), acetone and hydroquinone from s. d. Fine Chemicals (India), and sodium nitrate from E. Merck (Bombay, India) were used without further purification.
Graft copolymer of amylopectin with polyacrylamide (GA) was synthesized using a ceric-ion-initiated solution polymerization technique [29] . The morphological features of AP and GA were investigated using a scanning electron microscope (SEM, Hitachi S-4300, Japan) with 1000-fold magnification at 10 kV. To generate an electric current on their surfaces, platinum was coated on the prepared particles.
In preparation of stock solutions, the concentration of AP and GA was 0.23 wt.-% to ensure that the solutions are injectable into the RDA, based on the viscous GA system. Small amounts of AP and its derivative were slowly added into distilled water, stirred with a magnetic stirrer, in order to avoid lumping. The solutions were heated up to 80°C for five hours with continuous stirring, and then cooled down to room temperature. The exact concentration of the stock solution was adjusted by adding evaporated water during sample preparation.
To examine the overall DR characteristics of AP and its derivative GA, we applied three major variables: concentration, rotation speed, and temperature. While varying one factor, the others were set at fixed values. The reference condition of the test was 25°C, 20 wppm (weight parts per million) of polymeric additive, and a rotation speed of 1740 rpm (N Re = 1. Fig. 1 shows the magnified images of the powder form of both AP and GA from scanning electron microscopy (SEM). In the case of untreated pristine AP (Fig. 1a) , we can observe granular morphologies at 1000-fold magnification. The introduction of PAAM branches on the AP backbone produced much different surface morphologies. As shown in Fig. 1b , GA includes a large portion of lumps, which still contains some original granular structure. From the morphological change, we can deduce that AP was successfully processed via grafting. a b As described in the above Exptl. part, the prepared stock solutions of both AP and GA were injected into the turbulent flow, which was produced by rotation of the submerged disk in the RDA. As soon as a small amount of polymeric additives was introduced, an abrupt decrease of the shaft torque was recorded. Percent drag reducing efficiency, which was calculated based on Eq. (1), was recorded as a function of time (Fig. 2) . In this test, the concentration of AP and its derivative GA was fixed to be 30 wppm. As we can see in Fig. 2 , AP didn't show any noticeable drag reducing effect at 30 wppm and N Re = 1.0·10 6 . Even though polysaccharides are in general shear-stable and cause drag reduction and flocculation at high concentration, 30 wppm of AP seems to be not enough to produce a distinct drag reducing effect. On the other hand, the same amount of GA demonstrated much higher initial DR efficiencies (27%) compared with AP. In addition, we also could examine the maintenance of the DR effect. After one hour duration, GA still exhibited 17.5% of DR efficiency. Such shear stable and highly effective DR characteristics might be caused by the introduction of PAAM branches onto AP backbone. This kind of copolymerization also improved the shear susceptibility of PAAM.
Results and discussion
We also examined the effect of polymer concentration on DR efficiency, as shown in Fig. 3 . Above a polymer concentration of 7.5 wppm, GA showed concentration-independent DR behaviour (inset of Fig. 3) . In previous studies, we found that maximum values of drag reduction can be observed with respect to polymer concentration, and that higher-molecular-weight polymer solutions exhibit maximum drag reduction at lower polymer concentrations. Note that the concentration providing maximum drag reduction for the PEO/water system shifted to a lower value as the PEO's molecular weight increased [24] .
%DR values of GA reached a plateau value in 15 min, after the initial exponential decrease due to its mechanical degradation. There exist several correlations between DR efficiency and mechanical degradation. Brostow et al. [30] [31] [32] have developed a model from a statistical mechanical approach [31] and have recently investigated the validity of their model based on computer simulations. DR efficiency and mechanical degradation are related to macromolecular conformation in solution, and DR efficiency is proportional to the molecular weight of the polymers. The DR efficiency ratio is expressed as:
where DR(t) and DR 0 are the percent DR at times t and t = 0; M(t) and M 0 are the effective number-average molecular masses at times t and t = 0. More mechanical degradation was observed in a poor solvent than in good solvents under the same flow conditions [30] . A limiting molecular weight M ∞ can be defined by:
∞ becomes smaller in poor solvents than in good solvents for a given polymer [33] . Brostow et al. [30, 31] noted that the points on the chain where changes of direction occur are more vulnerable to chain scission. Depending on their specific location, some of them might be protected from degradation by their surroundings, while others will undergo scission during flow. The average number of points per chain of the latter kind is denoted by W, and
Here, W is proportional to the number of breakable sequences having two different orientations and changing extended-to-compact or compact-to-extended conformations. For a polymeric drag-reducing agent, W can also be related to the drag reducer concentration C, the energy U d (t) originating from turbulence intensity that produces degradation, and the energy ε necessary to break one bond [31] :
Here N A is Avogadro's number. By introducing the single exponential model (with h as the decay constant), Brostow et al. [31] obtained:
A larger value of h indicates fast degradation, and a larger value of W implies low shear-stability. To study the shear stability or mechanical degradation of polymer chains in turbulent flow for our experimental data, we used Eq. (5). The resultant characteristics for GA are summarized in Tab. 1. We find that increasing concentration causes a lower W value and retards the degradation rate. In the figure, as time elapses, the DR efficiency ratio approaches a constant limiting value. The solid lines are obtained from Eq. (5). Fig. 3 shows that both the calculated and the measured values of DR efficiency coincide within the limits of experimental accuracy [34] . (Fig. 3) We also examined the effect of temperature on DR efficiency and resistance to turbulent flow. Fig. 5 shows %DR as a function of time for GA. As shown in Fig. 5 , the overall decay function looks nearly the same, except the absolute value of %DR. With increasing temperature, GA exhibited an increasing trend in %DR values without noticeable degradation. This means that GA shows resistance to both thermal and mechanical degradation.
Survey of the results
In this study, amylopectin and its grafted derivative were used to examine the dragreducing characteristics in a rotating-disk apparatus. This derivative was obtained through the introduction of PAAM branches onto the AP backbone. Such modification was expressed in the change of morphology from particles to lumps. To investigate the factors related to DR efficiency, we changed temperature, rotation speed, and concentration. %DR of GA was recorded as a function of time. Through these tests, we could show the highly efficient and shear resistible DR characteristics of the AP derivative, in addition to the abnormal opposite response to temperature of GA.
